Forest and is well-represented in the Espírito Santo State in Brazil. In the genus Psidium of this family, guava (Psidium guajava L.) is the most economically important species. Guava is widely cultivated in tropical and subtropical countries; however, the widespread cultivation of only a small number of guava tree cultivars may cause the genetic vulnerability of this crop, making the search for promising genotypes in natural populations important for breeding programs and conservation. In this study, the genetic diversity of 66 guava trees sampled in the southern region of Espírito Santo and in Caparaó, MG, Brazil were evaluated. A total of 28 morphological descriptors (11 quantitative and 17 multicategorical) and 18 microsatellite markers were used. Principal component, discriminant and cluster analyses, descriptive analyses, and genetic diversity analyses using simple sequence repeats were performed. Discrimination of accessions using molecular markers resulted in clustering of genotypes of the same origin, which A.M. Nogueira et al.
INTRODUCTION
The family Myrtaceae includes 130-150 genera and 5650 species with centers of diversity in Australia, Southeast Asia, and between the tropical and subtropical Americas (Govaerts et al., 2008) . The genus Psidium includes approximately 150 species (Pereira and Nachtigal, 2003) , of which 59 are present in Brazil and 10 are present in Espírito Santo (Sobral et al., 2012) . However, of these species, only P. guajava L. "guava" is cultivated. Brazil is one of the largest producers of guava worldwide (FAO, 2010) .
Guava is native to the American continent and has a very broad center of origin from Mexico to Peru and Brazil (Pereira and Kavati, 2011) . Guava cultivation is economically important in many tropical and subtropical countries (Rodríguez et al., 2010) , and guava fruits are valued for their taste and high nutritional value because they contain vitamins A, B, and C, as well as calcium, zinc, phosphorus, and iron (Singh, 2005) . Furthermore, the fruits, leaves, flowers, roots, bark, and stems are important for their medicinal properties (Gutiérrez et al., 2008) .
Cross-pollination is the reproductive form most frequently exhibited by P. guajava (Alves and Freitas, 2007) ; however, self-pollination has also been reported (Singh and Seghal, 1968) . This pollination mechanism is associated with seed dispersal and adaptability to different edaphoclimatic conditions and contributes to increased genetic variability within the species.
The cultivation of few guava cultivars is concerning as it may lead to genetic vulnerability of the crop. This situation can be observed in Brazil, where approximately 70% of the guava trees currently cultivated for industrial processing belong to the cultivar Paluma (Pereira and Kavati, 2011) .
Genetic diversity studies are useful for pre-breeding and breeding programs, are the foundation of germplasm banks, and can be used to guide conservation strategies. These studies are performed using phenotypic and molecular data, which provide complementary information regarding each genotype. Because various characteristics are evaluated in these studies and these characteristics consist of different data types, multivariate techniques are useful for evaluating genetic diversity.
The genetic diversity of guava (wild and cultivated) and the identification of divergent genotypes worldwide has been reported in studies based on morphological (Hernández-Delgado et al., 2007; Urdaneta et al., 2007; Santos et al., 2008; Lozano et al., 2009; Fernandes Santos et al., 2010; Padilla-Ramírez and González-Gaona, 2010) , molecular, and biochemical data. Molecular and biochemical studies used dominant markers, such as random amplified polymorphic DNAs (RAPDs) (Chen et al., 2007; Pessanha et al., 2011) and amplified fragment length polymorphisms (AFLPs) (Rodríguez et al., 2004; Hernández-Delgado et al., 2007; Corrêa et al., 2011) . A number of studies have used simple sequence repeats (SSRs), which are co-dominant markers (Valdés-Infante et al., 2007; Briceño et al., 2010; Herrero Juliette et al., 2010; Teyer et al., 2010) . These markers are preferred because they are informative and provide a large amount of data for analyses, which helps to increase the understanding of genetic diversity within a species. However, few studies have used different types of markers simultaneously (Gomes-Filho et al., 2010) .
Comparative studies using morphological and molecular data from SSRs to analyze genotypes from different localities can contribute to a better understanding of the genetic diversity of P. guajava, an estimation of genetic erosion, and the identification of promising diverging genotypes for breeding. In the present study, we evaluated the genetic diversity between and within guava trees sampled from 7 localities in the southern regions of Espírito Santo and Caparaó (Minas Gerais, Brazil) at different altitudes, which contain remnants of the Atlantic Forest, using morphological descriptors as well as SSR markers. Our goal was to identify diverging promising genotypes for breeding and to verify complementarity of the data for genetic diversity analysis using multivariate analysis. Twenty-eight descriptors, including 11 quantitative and 17 multicategorical, were evaluated in productive adult plants in accordance with the International Union for the Protection of New Varieties (UPOV, 1987) . From each plant, 5 young leaves, 10 developed leaves, and 5 ripe fruits were analyzed. Quantitative descriptors included the length and width of the young leaf (cm), length and width of the developed leaf (cm), fruit mass (g), fruit length and width (cm), pulp mass (g) and diameter (cm), and seed mass (g) and number. Multicategorical descriptors used included stem color and branch distribution of the superior appendages, shape of the leaf basis and apexes, shape of the stalk end, presence and degree of marginal undulation, presence and degree of nervure and transversal curvatures, fruit shape, external coloration, color uniformity, surface texture, base shape, and mesocarp coloration.
MATERIAL AND METHODS

Samples
The genomic DNA of each plant was extracted in accordance with the protocol of Doyle and Doyle (1990) . DNA was extracted from the bulk of young leaves collected from saplings of germinated fruit seeds or from young leaves of the matrix plant. The samples were quantified using spectrophotometry, after which the purity was estimated.
For the polymerase chain reaction (PCR) procedure, the following 18 primers were used: mPgCIR02, mPgCIR07, mPgCIR08, mPgCIR09, mPgCIR10, mPgCIR11, mPgCIR13, mPgCIR14, mPgCIR15, mPgCIR16, mPgCIR17, mPgCIR18, mPgCIR19, mPgCIR20, mPgCIR21, mPgCIR22, mPgCIR25, and mPgCIR26 (Risterucci et al., 2005) . PCR amplification conditions were as follows: 60 ng DNA and 0.4 µM of each primer in a final volume of 17 µL, containing 1X PCR master mix (2x) (Fermentas, Vilnius, Lithuania). The PCR amplification program used was as follows: 4 min at 94°C, followed by 30 cycles of 45 s at 94°C, 1 min at 55°C, and 2 min at 72°C, followed by final extension of 8 min at 72°C (Risterucci et al., 2005) . The PCR products were separated using 3% agarose gel electrophoresis and stained with ethidium bromide.
Genetic diversity of the genotypes based on quantitative and multicategorical data were analyzed by calculating the mean standardized Euclidean distance of the genotypes. Molecular data were used to calculate the dissimilarity of the genotypes from a weighted index (Cruz, 2013) . Subsequently, cluster analysis of the genotypes was performed using the unweighted pair group method with arithmetic averages (UPGMA).
Principal component analysis was performed to verify the most important quantitative characteristics. Genotypes were evaluated in relation to localities (groups) using a discriminant analysis by the k-nearest neighbor method to estimate the apparent error rate (AER) relative to the formation of groups for the quantitative, multicategorical, and molecular data, considering k of 4 individuals. Cluster analysis using UPGMA was performed using the genetic distances obtained from the quantitative, multicategorical, and molecular data and was based on the Gower algorithm (Gower, 1971) . Pearson correlation was calculated between distances obtained from the quantitative, multicategorical, and molecular data and using the Gower algorithm. Analyses were performed using the Genes program (Cruz, 2013) 
RESULTS
A large degree of variation was verified among the 66 genotypes for the 11 quantitative characteristics, and the ratio between the highest and lowest values ranged from 5-6 for the weight of the pulp, fruit, and seed and number of seeds. For other characteristics, variation ranged from 2-3. The 3 principal components explained 87.86% of the variation in the genotypes in relation to these characteristics as follows: the first, second, and third components explained 49.15, 26.45, and 12.26% of the total variation, respectively. The variables of greatest importance were length, fruit diameter, pulp mass, developed leaf length, and seed number.
In the discriminant analysis using the k-nearest neighbor method, the lowest AER was obtained using molecular data (22.7%), followed by multicategorical (53.0%) and the quantitative (71.2%) data, and a higher concordance in genotype classification by origin was demonstrated using molecular data (Table 1) Based on the quantitative data in this analysis, the genotypes from Caparaó (CP), Muqui (MU), and Mimoso do Sul (MI) were allocated into groups (localities) that differed from those established previously. Groups from Jerônimo Monteiro (JE) and Muqui did not include genotypes from other localities. Genotypes from Alegre (AL), Guaçuí (GU), and Cachoeiro (CA) were allocated with the genotypes of nearly all groups (Table 1) .
Using multicategorical data, the Mimoso do Sul genotypes were allocated within the original group without the inclusion of other genotypes. Groups from Guaçuí and Jerônimo Monteiro showed a high percentage of correct allocations but included genotypes from other groups. The group from Alegre did not cluster with any other genotype (Table 1) .
Based on molecular data, a high percentage of genotype allocation in the pre-established groups was observed, with the exception of Mimoso do Sul. Genotypes from Jerônimo Monteiro were allocated within their own group along with other genotypes. Most genotypes from Guaçuí were allocated within their own group without other genotypes. Other groups exhibited a high percentage of correct clustering, and most groups showed grouping of geno-types from 2 localities (Table 1) .
Cluster analysis using UPGMA exhibited divergences between genotypes within and between localities depending on the characteristic evaluated. The greatest divergence of genotypes within localities was verified using quantitative traits and was demonstrated based on the sequential cluster of only 2 genotypes from the same locality (AL2-AL6, AL16-AL17, GU4-GU5, GU8-GU10, and CA2-CA6) (Figure 2A ). This type of clustering was also observed in multicategorical data analysis (GU1-GU5, GU7-GU10, CP2-CP6, CP3-CP4, and MU6-MU8), which also verified more genotypes by locality (MI1, MI3, MI4, and MI7) ( Figure 2B ). Molecular data allowed for the clustering of most genotypes according to origin (except for AL1, AL2, AL3, AL14, AL16, AL17, CA2, CA9, CP4, CP5, MI1, MI2, MI7, and JE1) ( Figure 2C ). These results corroborated the discriminant analysis data, reinforcing the higher concordance in genotype classification according to the origin provided by the molecular data and exhibiting greater similarities between the genotypes composing each group.
Analysis using the Gower algorithm of quantitative, multicategorical, and molecular data simultaneously allowed for identification of similarities and variabilities among genotypes of the same locality. Clustering by origin was verified with the exception of the genotypes AL16, CA3, CA7, CA9, CP3, CP8, MU6, MI1, MI2, MI3, and JE1 ( Figure 2D ).
The largest distances obtained with the quantitative data were observed between genotype MU8 (in relation to CP2, MI1, AL16, MU6, and AL17) and genotype GU6 (in relation to CP2 and MU4). Based on multicategorical data, the greatest dissimilarities were observed between genotypes CA8 and MI1 (0.74) and between MU7 and MI6 (0.72). Based on molecular data, the greatest dissimilarities occurred between genotypes CP5 and MU7 (0.82), CP5 and AL4 (0.80), and CP5 and MI1 (0.79). According to Gower analysis, the greatest dissimilarities occurred between genotypes GU4 and AL7 (0.72) and genotypes GU4 and AL16 (0.72) .
Based on the analysis of dissimilarity by locality according to quantitative data, Guaçuí was clearly the most divergent locality in relation to the other areas ( Figure 3A) . In multicategorical analyses, the greatest similarity occurred between Cachoeiro de Itapemirim and Muqui, Alegre and Guaçuí, and Caparaó and Jerônimo Monteiro ( Figure 3B ). Molecular data showed that the most similar populations were Muqui and Mimoso do Sul, followed by Alegre, Guaçuí, and Caparaó ( Figure 3C ). The greatest and most significant correlation (r = 0.73) was detected between the data matrix obtained using the Gower algorithm and the matrix of molecular data. Correlations between the Gower matrix and quantitative and multicategorical data were also significant (r = 0.26 and 0.21, respectively) (Figure 4) . 
DISCUSSION
The large degree of variation in quantitative characteristics revealed differences among genotypes. Based on these characteristics, principal component analysis demonstrated that 87.86% of the variance detected in the 66 genotypes could be explained by 3 principal components and that the fruit-related characteristics were important for discriminating genotypes.
In studies by Sanabria et al. (2005) and Lozano et al. (2009) , fruit-related characteristics were also found to be the most important characteristic, accounting for 72% and 76.86% of accumulated variation, respectively, in the 3 principal components. Lozano et al. (2009) evaluated 12 quantitative characteristics in 22 accessions of P. guajava, while Sanabria et al. (2005) analyzed 25 characteristics in 53 accessions. In contrast, Urdaneta et al. (2007) observed 100% variation in 3 principal components when evaluating 18 quantitative and qualitative descriptors of plants, stems, and leaves; however, only 4 cultivars were analyzed, which may have influenced the variation observed in the 3 components. Furthermore, Hernández-Delgado et al. (2007) reported that less than 30% of the total variation could be explained by the 3 first principal components in the evaluation of 50 descriptors in 48 accessions of P. guajava, 2 of P. cattleianum, and 2 of P. friedrichsthalianum. In this study, the large number and classification types of descriptors, in addition to the inclusion of different species, may have accounted for the low total variance explained by the 3 principal components.
Discriminant analysis revealed dissimilarities of genotypes within and between localities, and was verified by the inclusion or removal of genotypes from pre-established groups (source group or pre-defined). Molecular data exhibited the greatest efficiency in allocating genotypes according to the locality of origin, followed by quantitative and multicategorical data.
In wild (Nielsen et al., 2003) as well as in cultivated (Roldán-Ruiz et al., 2001 ) plants, low concordance has been reported between molecular and phenotypic genetic divergence. This scenario is commonly reported, except when the molecular markers used are closely linked to the genes controlling the morphological characteristics analyzed. Nielsen et al. (2003) applied discriminant analysis to 6 natural populations from the genus Scalesia and found an increase in the discrimination of individuals in 5 of these populations using AFLP markers compared with using morphometric data.
The faulty allocation of genotypes by locality using quantitative and qualitative data may be linked to the mixed reproductive system of guava, which may have contributed to increased genetic variability. Furthermore, quantitative characteristics are controlled by several genes and are influenced by environmental factors. In contrast, molecular markers allow for access to the entire genome without environmental influence, explaining their efficiency in allocating genotypes into their pre-established groups.
The results of cluster analysis corroborated the data from discriminant analysis, reinforcing the high concordance of genotype classification by origin obtained using molecular data. The number of genotypes from different locations in the same group was reduced by simultaneously using quantitative, multicategorical, and molecular data. Moreover, genotypes in the same locality exhibited morphological divergence, despite high molecular similarity, whereas other genotypes were not grouped, independent of data type, reflecting the high variability of these plants.
In a study of the genetic diversity of 25 guava trees, Gomes-Filho et al. (2010) also reported high discrimination of genotypes using molecular markers, as demonstrated by the 2-fold increase in the number of groups formed using data from the 28 RAPD descriptors compared with the 6 morphological characteristics.
Based on grouping analysis by locality, the results again demonstrated higher clustering adequacy using molecular data because grouping by locality was more coherent in relation to localization of sampling in the districts.
With respect to the distances between genotypes obtained from different data types, the most divergent genotypes did not coincide among characteristics. Therefore, diverging genotypes with adequate breeding characteristics must be defined for use in hybridization programs to develop new cultivars.
To investigate the diversity of genotypes while considering all data types simultaneously, the Gower algorithm was used, allowing for the grouping of all genotypes in a single dendrogram. Using this algorithm, genotype variability was represented by all data types at once, clarifying the variability of the genotypes between and within localities. This analysis also enabled identification of similarities between genotypes according to origin, as was achieved using molecular data. The genotypes AL16, CA9, MI1, MI2, and JE1 were not grouped in any locality, independently of grouping criterion, suggesting the high variabilities of these plants.
No correlation was observed between dissimilarity matrices of the quantitative, multicategorical, and molecular data. Nevertheless, the matrices were significantly correlated with the Gower matrix, although the correlation was much higher for the molecular data (r = 0.73) in relation to the other types of data (r = 0.21 and 0.26 for multicategorical and quantitative data, respectively), indicating that the Gower matrix better represented the data for discriminating between genotypes at the highest level, i.e., molecular data.
The combination of data from the 15 morpho-agronomical characteristics, 19 RAPDs, and 20 inter-simple sequence repeats using the Gower algorithm was considered more efficient for characterizing genetic diversity in 32 progenies of backcrossed papaya (Carica papaya) compared with individual analysis of each data source (Ramos et al., 2012) .
Simultaneous evaluation of quantitative, qualitative (Rodríguez et al., 2005; Rocha et al., 2010) , and molecular data (Krichen et al., 2008) , or a combination of these data (Gonçalves et al., 2008; Ramos et al., 2012) using the Gower algorithm, is useful for estimating genetic divergence in different crops. However, few studies have adopted this strategy (Rocha et al., 2010) . Because difficulties have been reported previously concerning the application of this algorithm (Gonçalves et al., 2008) , the comparison of analyses with and without this algorithm can be used as a guide.
This method for the simultaneous analysis of quantitative and qualitative characteristics was proposed originally by Gower (1971) , making it possible to estimate the similarity between 2 individuals using an algorithm. However, we found that the algorithm is equally efficient for molecular data, such as the then-employed microsatellites. The lack of correlation between matrices of dissimilarity for the different data types justified the different groupings and was confirmed by the presence of groups containing a single individual.
According to Souza Júnior et al. (2002) , the guava tree is susceptible to interactions between the genotype and environment, which is an essential factor for phenotypic expression. In the analyses of morphological data, most genotypes exhibited variable distributions in the groupings, independently of origin. This variation may be related to the mixed pollination system of the plant, which amplifies genetic variability.
Based on these results, genetic divergence was verified between and within genotypes of different localities. This information is relevant for executing crossings between divergent genotypes as well as for directing the collection of germplasm samplings to represent the genetic diversity of a region and to minimize duplicates in germplasm banks.
In conclusion, genetic diversity was observed within and between genotypes from different study locations. Combining morphological and SSR molecular marker data was sufficient for determining the genetic divergence between and within the collection sites, independently of the analysis methodology adopted and revealing genetic variability for breeding and conservation.
